Seed coat cells in the developing seeds of grain legumes release nutrients to the developing embryo. This occurs into an apoplastic space that separates the maternal (seed coat) and ®lial (embryo) generations. Protoplasts of seed coat cells from coats of Phaseolus vulgaris L. seeds were isolated and wholecell current across their plasma membranes was characterized using the patch-clamp technique. A pulsing inward current that displayed a spontaneous activation and voltage-dependent inactivation was observed. The frequency and magnitude of the current pulses were positively dependent on cytoplasmic Cl ± concentrations and independent of external cations. The pulse current was inhibited by DIDS and La 3+ , but not by Gd
Introduction
In developing seeds of grain legumes, the maternal coat and enclosed ®lial embryo (consisting of two large cotyledons) is symplasmically isolated (Patrick and Of¯er, 2001) . Therefore, all nutrients required by developing cotyledons must be released from seed coats to the seed apoplasm (Patrick and Of¯er, 2001) . In developing seeds of French bean (Phaseolus vulgaris L.), phloem-imported nutrients move through the seed coat symplasm to specialized ground parenchyma cells where they are released across their plasma membranes to the seed apoplasm (Wang et al., 1995) . Sucrose, K + , Cl ± and assimilated nitrogen are the principal nutrients transported by this route (Patrick, 1984; Walker et al., 1995) . Sucrose ef¯ux is characterized by both passive and energy-coupled components, the latter mediated by proton±sucrose antiport (Walker et al., 1995 .
The protoplasts derived from ground parenchyma cells of bean seed coats displayed distinctive morphology, i.e. a granulated cytoplasm, relative large nucleus, off-centre vacuoles, and lack of chloroplasts (cf. Zhang et al., 2002) . This allows speci®c investigation of ion transport across their plasma membranes by the patch-clamp technique (Zhang et al., 2002) . Two types of non-selective channels (currents) have been characterized in the plasma membranes of ground parenchyma protoplasts that differ in their activation kinetics and selectivity between K + and Ca 2+ (Zhang et al., , 2002 . A slowly-activating outward current, found in about 25% of patched protoplasts, is more selective for K + than Cl ± (P K :P Cl =4.00), weakly selective between K + and Ca 2+ (P K :P Ca =0.75) and non-selective between univalent cations (Zhang et al., 2002) . A ubiquitous fast-activating current is weakly selective between K + and Cl ± (P K :P Cl =1.8±2.5), highly selective for K + over Ca 2+ (P K :P Ca >10) and non-selective between univalent cations (Zhang et al., , 2002 . These non-selective channels may provide a low-resistance pathway for the release of phloem-transported ions into the seed apoplasm. In the present paper, the discovery of pulsed Cl ± inward current in the plasma membranes of ground parenchyma cells of bean seed coats is reported. The pulsed Cl ± current was stimulated by hypo-osmotic treatments. Therefore, the channels that underlie this Cl ± current may account for Cl ± ef¯ux from seed coats under hypo-osmotic conditions as part of a turgor-regulatory mechanism (Zhang et al., 1996) .
Materials and methods

Plant materials and protoplast isolation
Beans (Phaseolus vulgaris L. cv. Redland pioneer) were raised under glasshouse conditions and seeds harvested as described previously (Wang et al., 1995) . Seed coats were surgically removed from the underlying embryos, cut longitudinally into small pieces and digested in an enzyme solution for 2 h at 20°C. The solution contained 0.8% cellulase (Onozuka RS; Yakult Honsha, Tokyo) and 0.08% pectolyase (Sigma), 0.5% PVP, 0.5% bovine serum albumin (BSA), 1 mM CaCl 2 , and 5 mM MES/TRIS (pH 6.0), and osmolality of 500 mOsm kg ±1 adjusted with sorbitol. A sucrose density gradient, as described previously (Zhang et al., 1997) , was used to collect clean protoplasts. The protoplasts were kept on ice until patchclamped. Protoplasts of ground parenchyma cells, that function to release solutes (Wang et al., 1995) , were identi®ed on the basis of their distinctive morphology (Zhang et al., 2002) . The mean diameter of these protoplasts was 29.2T4.3 mm (SD, n=86).
Electrophysiology and data analysis Patch pipettes, pulled from borosilicate glass blanks (Clark Electromedical, Readings, UK), were coated with Sylgard R (Dow Corning, Midland, MI). Voltage across the patch was controlled and current measured using an Axopatch 200B (Axon Instruments, Foster City, CA, USA). Whole-cell preparations were obtained by forming gigaseals in the cell-attached mode and then an extra suction was applied to rupture the plasma membrane. Successful whole-cell con®gurations were indicated by a substantial increase in capacitance. Series resistance was compensated to about 50% and capacitance was compensated. Voltage pulses, between 4 s and 20 s in duration, were used to elicit inward currents. Data were sampled at 2 kHz and ®ltered at 0.5 kHz by a low pass 4 pole Bessel ®lter. Records were stored and analysed using pClamp 8.0 (Axon Instruments, Foster City, CA, USA). All experiments were carried out at room temperature (20±22°C). Junction potentials were calculated, and corrected for, using the program JPCalc (PH Barry, University of New South Wales, Sydney, Australia).
Experimental solutions
Two types of pipette solution were commonly used in the present study. They were composed of (mM): High Cl ± : 100 KCl, 2.3 CaCl 2 , 2 MgCl 2 , 2 Na 2 ATP, 10 EGTA, 10 HEPES; Low Cl ± : 10 KCl, 90 Kglutamate, 2.3 CaCl 2 , 2 MgCl 2 , 2 Na 2 ATP, 10 EGTA, 10 HEPES. Free calcium concentrations in both types of pipette solution were approximately 50 nM calculated using the chemical speciation program GEOCHEM (Parker et al., 1987) . Both solutions were adjusted to an osmolality of 720 mOsM with sorbitol and pH 7.2 with TRIS. All bath solutions contained, in addition to other solutes, 5 mM 2-(N-morpholino)ethanesulphonic acid (MES), pH 6.0, and 700 mOsm kg ±1 or 600 mOsm kg ±1 adjusted with TRIS and sorbitol, respectively. The details of the bath and pipette solutions are given in appropriate ®gure legends.
Measurement of Cl ± ef¯ux
Six uniform seed coats were cut longitudinally around the integumentary fusion line and embryos carefully removed. The coat halves were arranged in their respective pairs with their longitudinal axes vertical and their cut surfaces uppermost. One coat half of each pair served as the control and the other as the treatment. Wash solutions, comprised of 0.5 mM CaCl 2 , 5 mM MES, 300 mM or 80 mM sorbitol, pH 6.0 adjusted with TRIS, were dispensed into the space vacated by the embryo. The apoplasmic content of the seed coat was removed during the ®rst 10 min of wash-out. These solutions were discarded. Subsequent solution changes were collected at 10 min intervals and the collected solutions bulked for Cl ± analysis. The wash protocol was terminated after 30±40 min and fresh weights of the seedcoat halves determined. Cl ± concentrations in the wash solutions were measured by capillary zone electrophoresis using a Quanta 4000 instrument (Waters, Milford, USA) as described by Frachisse et al. (1999) .
Results
Spontaneous pulses of inward current in whole cell con®guration caused by the simultaneous opening of channels A spontaneously activating,`pulse-like' inward current was observed in 39% of the protoplasts derived from ground-parenchyma cells (n=121) with pipette solution containing 108 mM Cl ± (Fig. 1A) . Following the spontaneous activation, the inward current decayed over time at constant voltage (inactivation) (Fig. 1A) . Often when the current was almost completely inactivated single channel events could be observed (lower graph in Fig. 1A ) and from these records it was possible to obtain amplitudes as a function of voltage from which a single channel conductance could be obtained. The single channel conductance was 18T1 pS (95% con®dence interval, 4 protoplasts) in a bath solution composed of 10 mM KCl, 10 mM CaCl 2 , and high chloride pipette solution.
The time-course of this inactivation was best ®tted by a single exponential (Fig. 1B) . Time constants of inactivation were reduced from 252T42 ms at ±40 mV to 80T 8 ms (n=16) at ±180 mV (Fig. 1C) . Note that there were large variations in current magnitude among current pulses at a given voltage level (cf. Fig. 2 ). An inward current pulse was de®ned when the current magnitude was greater than ±5 pA relative to the background level, and when it displayed an apparent time-dependent inactivation (cf. Fig. 1 ).
The pulsed inward current was carried by Cl ± ef¯ux
The pulsed inward current was hardly affected when external K + was substituted with less permeant organic cation tetraethylammonium (TEA + ) ( Fig. 2A, B) . The current occurred when K + was omitted from the bath (Fig. 2C, D) . For instance, the mean frequency of the pulsed current at membrane voltages between ±60 mV and ±180 mV was 0.54T0.17 Hz and 0.52T0.14 Hz for three protoplasts measured in 10 mM KCl and 10 mM TEACl solutions, respectively. Both the frequency and peak current magnitude of the pulses were independent of external Ca 2+ concentrations between 10 mM and 0.2 mM Ca 2+ (Fig. 2E, F) . The mean frequency of the pulsed current, was 0.61T0.22 Hz and 0.53T0.24 Hz for three protoplasts bathed in 10 mM and 0.2 mM CaCl 2 , respectively. The current magnitude, measured as peak current of all the current pulses between ±60 mV and ±180 mV, of the three protoplasts at high and low Ca 2+ bath solutions were ±71.4T38.4 pA (n=18) and ±73.6T 38.8 pA (n=16), respectively.
The pulsed inward current was observed in a smaller proportion of protoplasts when low Cl ± concentration was present in the pipette solution ([Cl ± ]=18 mM) (11% of patched protoplasts n=54 as opposed to 39% in high [Cl ± ]). Furthermore, the peak current magnitude was positively dependent upon the Cl ± concentrations in both pipette and external solutions (Fig. 3A, B) . With 10 mM KCl and 10 mM CaCl 2 in the bath, the current reversed at a potential close to the equilibrium potential for Cl ± (E Cl ) (E Cl = +25 mV) and more positive than E K (E K = ±58 mV) (Fig. 3B) . Moreover, the reversal potential shifted from +19 mV to ±20 mV when the external KCl concentration was changed from 10 to 100 mM (Fig. 3B) . A relative permeability for Cl ± over K + (P Cl /P K ) of 9.0 was calculated using the Goldman equation (cf. Wegner and De Boer, 1997) . Furthermore, the single channel current±voltage curve obtained from some whole cell recordings (Fig. 1A) intersected the voltage axis at a voltage not signi®cantly different from the equilibrium potential for Cl ± . Taken together, these results suggest that the pulsed current is likely to be carried by a burst of Cl ± ef¯ux through many single channels that activate almost simultaneously.
In contrast to the peak current (Fig. 3A, B) , the mean Cl ± current as a function of voltage was non-linear ( Fig. 3C) , with the slope conductance increasing at more negative voltages. This indicates that the probability of pulses occurring increased with more negative voltages.
Pharmacology of the Cl ± current pulses
The pulsed Cl ± current was sensitive to 4,4¢-di-isothiocyanatostillbene-2,2¢-disulphonic acid (DIDS) (Fig. 4A,  B) , a Cl ± channel antagonist that inhibits R-type anion channels in guard cells (Marten et al., 1993) . The inhibition of the current by DIDS was not readily Fig. 1 . Characteristics of pulsed inward current evoked by applying hyperpolarizing voltages. An example of pulsed inward current as a function of time when the voltage was clamped at ±180 mV for a whole cell con®guration, and with the external solution comprising of (mM) 10 KCl, 10 CaCl 2 , 5 MES, pH 6.0. In the lower graph the current scale is ampli®ed so that single channel events can be distinguished. The single channel conductance was 18 pS (see text). The baseline has been subtracted in both upper and lower graphs (A). Time-course of the current inactivation ®tted with single exponential curves at ±180 mV (B). Voltage-dependence of the time constants for inactivation of the pulsed current (C). Data points are the mean TSE of 4±6 protoplasts. High Cl ± pipette solution was used.
reversible upon wash-out of the inhibitor (data not shown).
The pulsed Cl ± current was reversibly, and completely, inhibited by 100 mM LaCl 3 (Fig. 4C, D) . By contrast, GdCl 3 , up to a concentration of 1 mM, had no effect on the pulsed current (Fig. 4E, F) .
In Chara cells, a pulsed Cl ± current associated with the action potential is activated by an inositol 1,4,5-triphosphate (IP 3 )-dependent internal Ca 2+ release (Biskup et al., 1999) . It was examined whether a similar phenomenon occurred in ground parenchyma protoplasts by treating them with neomycin. Neomycin inhibits phospholipase C (PLC), which mobilizes IP 3 from its membrane-bound precursor phosphotidylinositol 4,5-biphosphate (PIP 2 ) (Epstein et al., 1985) . As shown in Fig. 5 , the pulsed Cl ± current was completely abolished upon the addition of neomycin to the bath, and the inhibitory effect was fully reversed upon removal of neomycin (Fig. 5C ).
The Cl ± pulsed current was stimulated by hypo-osmotic shock The release of phloem-imported nutrients from bean seed coats is distinguished by its marked stimulation when the turgor of the seed coat unloading cells is elevated (Patrick, 1994; Zhang et al., 1996) . The response of pulsed Cl ± current in ground parenchyma protoplasts to a hypoosmotic treatment was investigated. Figure 6 shows that both the frequency and magnitude of the pulsed current markedly increased when the protoplast was exposed to a reduction in external osmolality from 700 to 600 mOsm kg ±1 . The mean frequency of the pulsed current, at membrane voltages between ±100 mV and ±180 mV, was increased from 0.16T0.07 Hz (n=6) to 0.63T0.22 Hz (n=6) when external osmolality was reduced from 700 to 600 mOsm kg ±1 with 1 mM KCl and 1 mM CaCl 2 in the bath. The current magnitude, measured as peak current of all the current pulses at membrane voltages between ±100 mV and ±180 mV, was increased from ±39T33 pA (n=9) to ±107T64 pA (n=36) in response to the decrease in the external osmolality from 700 to 600 mOsm kg ±1 . Moreover, the hypo-osmotically induced activity was largely reversed upon Returning the protoplast to isoosmotic conditions (Fig. 6C) .
Effect of neomycin, La
3+
, Gd 3+ and hypo-osmotic treatment on Cl ± ef¯ux from seed coats
To examine whether the characterized Cl ± current in patchclamp experiments accounted for Cl ± ef¯ux from seed coats, the effects were tested of treatments on Cl ± ef¯ux from seed coat halves that either inhibited or stimulated the Cl ± current in patch clamp experiments. Chloride ef¯ux was inhibited by approximately 40% and 30% by 1 mM neomycin and La 3+ , respectively (Table 1) . By contrast, Cl ± ef¯ux from seed coat halves was insensitive to Gd 3+ (Table 1) . Determination of Cl ± concentrations by capillary zone electrophoresis was found to be unreliable in the presence of DIDS (data not shown), making it impossible to examine the effect of DIDS on Cl ± ef¯ux from seed coats. Ef¯ux of Cl ± from seed coat halves was enhanced when incubated in external solution of 80 mOsm kg ±1 compared with that of 320-mOsm kg ±1 (Table 1) . These ®ndings are consistent with the effects of these treatments on the Cl ± currents, suggesting that the Cl ± channels are involved in mediation of Cl ± ef¯ux from seed coat.
Discussion
One of the important functions of the ground parenchyma cells in coats of developing bean seeds is to release phloem-imported nutrients from seed coats to the seed apoplasm (Wang et al., 1995; Patrick and Of¯er, 2001) . Two types of channels (currents) that are non-selective among univalent cations and weakly selective for K + over Cl ± in the plasma membranes of the ground parenchyma protoplasts have previously been characterized 2002) . In the present paper, an inward current was identi®ed that was activated in a pulse-like manner at membrane potentials negative of E Cl in protoplasts derived from ground parenchyma cells of Phaseolus seed coats (Fig. 1) . The frequency, current magnitude, and activation potential were positively dependent on the Cl ± concentration in the cytoplasm (Fig. 3) . The current was independent of external cation concentrations (Fig. 2) and sensitive to the Cl ± channel blocker DIDS (Fig. 4A, B) . Single channel records obtained from decaying parts of the inactivation of the pulsed current showed a conductance of 18 pS and from extrapolation of the current voltage curve reversed close to E Cl . These ®ndings are consistent with the current being carried by a burst of Cl ± ef¯ux through almost simultaneously activating channels, of the order of 50±100 channels per pulse. The Cl ± current was inhibited by La 3+ and neomycin (Figs 4, 5), but not by Gd 3+ (Fig. 4) . A similar effect of these agents was observed on Cl ± ef¯ux from seed coats ( Fig. 3 . The maximum pulse amplitude of the pulsed current was positively dependent on the Cl ± concentration in the patch-pipette (A) and Cl ± concentration in the bath (B). Maximum pulse current amplitude minus baseline current at each voltage level with patchpipette solution of 108 mM and 18 mM Cl ± and bath solution of (mM): 100 KCl, 10 CaCl 2 , 5 MES, pH 6.0 (A). Maximum pulse current versus voltages with bath solutions of 10 and 100 mM KCl and 108 mM Cl ± in the patch-pipette (B). Each value is the mean TSE with the number of protoplasts in brackets. The ®tted lines for 10 and 100 mM KCl solutions extrapolate to a reversal potential of 19 and ±20 mV, respectively. (C) Mean pulsed current plotted against the clamp voltage. Each value is the mean TSE of the pulsed currents calculated over the period of the voltage clamp step and subtracting the baseline current (n>3 protoplasts).
respectively (Table 1 ). This suggests that the Cl ± channels described here could only account for about 40% of the total Cl ± released from seed coats and that there are other transport systems involved in Cl ± release. The involvement of cytoplasmic Ca 2+ activity ([Ca 2+ ] c ) causing activation of Cl ± channels in plasma membranes of plant cells has been documented (White and Broadley, 2001) . Therefore, it is likely that an increase in [Ca 2+ ] c due to Ca 2+ in¯ux through Ca 2+ -permeable channels may act as a primary trigger to elicit the Cl ± current. The inhibition of the current by La 3+ (Fig. 4) , a known Ca 2+ channel blocker (Very and Davies, 2000; White, 2000) , is in line with this suggestion. However, La 3+ has been shown to block Cl ± currents in plasma membranes of Chara cells (Tyerman et al., 1986; Biskup et al., 1999) and blue-light induced anion channels in Arabidopsis cells (Lewis and Spadling, 1998) . The ®nding that Gd 3+ , another widely known Ca 2+ channel blocker of plant cells (Very and Davies, 2000; White, 2000) , did not inhibit the Cl ± current (Fig. 4) , also argues against the contribution of Ca 2+ to activation of the Cl ± current. Alternatively, Ca 2+ channels that are sensitive to La 3+ , but not to Gd 3+ , could be involved in modulation of the Cl ± current. One important ®nding in the present study is that the Cl ± inward current was sensitive to neomycin (Fig. 5) , an antagonist of PLC-mediated cleavage of PIP 2 to IP 3 and diacylglycerol (Berridge, 1993) . A pulsed current carried by Cl ± ef¯ux that is transiently activated by IP 3 -induced intracellular Ca 2+ release has been characterized in Chara cells (Biskup et al., 1999; Wacke and Thiel, 2001; Wacke et al., 2003) . In Chara cells, IP 3 -dependent intracellular Ca 2+ liberation occurs as an all-or-none event (Wacke and Thiel, 2001; Wacke et al., 2003) . Whether a similar all-ornone increase in cytoplasmic Ca 2+ activity operates in ground parenchyma cells of bean seed coats remains to be evaluated. The random activation of the Cl ± current could be accounted for by an uneven distribution of Ca 2+ hot spots, resulting from spontaneous activation of IP 3 -dependent intracellular Ca 2+ release, and the proximity of Ca 2+ hot spots to Cl ± channels in the plasma membranes. Alternatively, the inhibition of Cl ± current by neomycin may result from its direct blockade of Ca 2+ -permeable cation channels or the Cl ± channel directly. Neomycin has been shown to block capacitative Ca 2+ entry in cultured rat spinal cord neurons (Zhou et al., 2000) . To the best of the authors' knowledge, there have been no reports of blockade of plant or animal Cl ± channels by neomycin. Both the pulsed Cl ± current and the Cl ± ef¯ux from seed coat halves were stimulated by hypo-osmotic treatments ( Fig. 6 ; Table 1 ), implying that the Cl ± conductance characterized in the present study functions as a route for Cl ± release from the seed coats under hypo-osmotic conditions. A biphasic increase in the cytoplasmic Ca 2+ activity, resulting from Ca 2+ in¯ux and then intracellular Ca 2+ release, appears to be a common phenomenon in plant cells in response to a hypo-osmotic treatment (Cessna and Low, 2001) . It is envisaged that the hypo-osmoticallyinduced Ca 2+ in¯ux through a mechano-sensitive Ca 2+ -permeable channel stimulates PLC activity, leading to an IP 3 -mediated intracellular Ca 2+ release. However, the lack of effect of Gd 3+ on the Cl ± inward current (Fig. 4) seems to discount this possibility as Gd 3+ is a known antagonist of Ca 2+ -permeable channels of plant cells (White, 2000) . Nevertheless, the possibility cannot be ruled out that a Ca 2+ -permeable and relatively Gd 3+ -insensitive channel mediates Ca 2+ in¯ux to activate PLC. In this context, two types of membrane-depolarization activated Ca 2+ -permable Ca 2+ channels, differing in sensitivity to La 3+ and Gd 3+ , in the plasma membranes of maize root cells have been identi®ed (Marshall et al., 1994) . It has been shown that hypo-osmotic treatment depolarized membrane potential of the ground parenchyma cells . Therefore, an increase in [Ca 2+ ] c resulting from activation of a Gd 3+ -insensitive Ca 2+ channel by membrane depolarization under hypo-osmotic treatment directly, or indirectly through Ca 2+ -dependent protein kinases, activate Cl ± conductance in the plasma membrane to mediate Cl ± ef¯ux, leading to downward turgor regulation (Okazaki, 1996) . The spontaneous activation of Cl ± current, in particular under hypo-osmotic conditions, is reminiscent of turgorregulated pulsed burst of Cl ± ef¯ux in marine algal Acetabularia mediterranea (Wendler et al., 1983) . Like the seed coat unloading cells, the burst of Cl ± release from the algal cells is believed to involve downward turgor regulation (Wendler et al., 1983) . Nutrient ef¯ux from coats of developing bean seeds is closely regulated by turgor of the seed coat cells (Patrick, 1994; Walker et al., 2000) . An increase in turgor, caused by an enhanced uptake of nutrients by the embryos from the seed apoplasmic pool, elicits a rapid increase in ef¯ux of solutes (Patrick et al., 1986; Walker et al., 2000) . This downward regulated turgor is used to maintain a constant hydrostatic pressure difference between source and sink, thus allowing for a sustained rate of phloem import into seed coats to match rates of nutrient uptake by cotyledons (Zhang et al., 1996) . The ®nding that hypo-osmotic treatment stimulated the pulsed Cl ± inward current (Fig. 6 ) provides a mechanistic explanation for the hypoosmotically induced Cl ± ef¯ux from seed coats (Table 1) . A spontaneous burst of Cl ± ef¯ux through the Cl ± channel will occur once phloem-imported Cl ± is built up to a certain level in the ground parenchyma cells. Furthermore, activation of the Cl ± current at a wide range of membrane potentials would ensure that the Cl ± transported into the seed coat unloading cells will be released rapidly to the seed apoplasm. The PLC activity may act as an important regulator to modulate the Cl ± channel activity through IP 3 -mediated intracellular Ca 2+ release in the seed coat unloading cells. 
